Introduction
The surface of any engineering element is inevitably rough. Asperities and the interaction among asperities significantly affect the contact performance ͓1,2͔. In most cases, the detailed behavior of rough surfaces in contact may only be determined by the numerical simulation with digitized real surfaces. The Nyquist sampling theorem ͓3͔ requires that the product of the sampling interval and the maximum possible frequency of the waveform of a real surface should be smaller than 0.5. However, a fine discretization with a large grid number dramatically increases the computational burden. Furthermore, protective coatings or layers are increasingly utilized for low friction, high wear resistance, and long fatigue life. The stress field due to rough-surface contact is often required to guide the coating design. Yet, analyzing the stresses of a layered elastic body with a rough surface requires a larger amount of computation.
The fast Fourier transform ͑FFT͒ is increasingly utilized to reduce the computational burden in solving contact problems. Table  1 lists some of the work analyzing the stresses either in a halfspace with a rough surface or in a layered halfspace with smooth surfaces. The algorithm of the continuous convolution and fast Fourier transform ͑CC-FT͒ is based on the continuous convolution theorem. The frequency response function ͑FRF͒ plays an important role in the continuous convolution theorem. Three techniques have been developed to improve the accuracy of the CC-FT algorithm: ͑1͒ Ju and Farris ͓10͔ used a domain-extension method, e.g., the dimensions of the computation domain for displacement calculation was five times that of the original problem; and ͑2͒ Ai and Sawamiphakdi ͓8͔ decomposed the traction into a smooth and a zero-mean fluctuating part. The response to the smooth part is known analytically and the CC-FT algorithm is only needed for the fluctuating part. This treatment may eliminate the error corresponding to the smooth part but the inaccuracy related to the fluctuating part still remains. ͑3͒ Polonsky and Keer ͓9͔ constructed a hybrid algorithm by adding a special correction procedure, which was based on the multi-level multi-summation technique, to the CC-FT algorithm. In the light of the discrete convolution theorem, if the influence coefficients ͑ICs͒ are obtained accurately, the discrete convolution with the processes of zero padding and wrap-around order ͓11͔ can help completely avoid any error associated with FFT at a cost of only doubling the domain dimensions of a contact problem. This approach is named the DC-FFT algorithm, which makes the FFT technique satisfactorily applicable to elasticity ͓12͔ or thermoelasticity ͓2,13͔ problems. This algorithm includes two routes of problem solving: ͑1͒ DC-FFT/Influence coefficients/Green's function for the cases with known Green's functions; and ͑2͒ DC-FFT/Influence coefficient/ conversion, if frequency response functions are known. The latter may be particularly appreciated in solving complicated problems, such as layered materials in contact, where the frequency response functions, rather than Green's functions, are easier to obtain. Nagi and Kato ͓5͔ did convert a frequency response function and then used the direct multiplication method ͑DMM͒ to solve contact problems. They indicated that DMM was time consuming. Liu et al. ͓12͔ pointed out that the route of DC-FFT/Influence coefficient/conversion is an efficient approach for solving this class of problems. Once the conversion to influence coefficients is accurately accomplished, no additional error is expected in the rest of the DC-FFT algorithm. Details of the DC-FFT algorithm will be restated in this paper for clarity.
Obviously, no matter which of the improvement techniques is used, the FFT technique is likely to replace DMM and tends to become an indispensable part in some of the future contact analyses. This paper explores a method for the accurate conversion for influence coefficients from frequency response functions, further improves the DC-FFT algorithm, and applies it to analyze the contact stresses in an elastic body under pressure and shear tractions for high efficiency and accuracy. A set of general formulas of the frequency response functions for the elastic field is derived and verified. Application examples are analyzed. Interface variables, such as pressure and shear traction, should be determined before the stress analysis. They may come from a dry contact analysis module that computes the contact pressure and deformation, an elastohydrodynamic lubrication or a mixed lubrication procedure that calculates lubricant pressure and film thickness. The shear traction may be simplified as the product of the pressure and a frictional coefficient. The stress analysis considers the roughness-induced irregularity of the pressure and shear tractions, and the existence of a coating layer.
Description of an Elastic Body
The loading and the response of an elastic body ͑Fig. 1͒ can be related through three interchangeable concepts, namely, the Green's function, the frequency response function, and the influence coefficients. The response to the loading of a Dirac delta function is a Green's function, g. The counterpart of the Green's function in the frequency domain is the frequency response function, g 5 . Influence coefficients, D, are determined by integrating the product of a Green's function and a shape function over each discrete element, and are usually evaluated on each grid point ͑the discretization is shown in Fig. 2 with N 1 ϫN 2 grids͒. The stress field can be expressed in the following three equations, respectively,
Symbol '*' in Eq. ͑1a͒ stands for convolution and ''IFT mn '' in Eq. ͑1b͒ is the double inverse Fourier transform. Note that the Green's function may be singular at the origin but integrable everywhere. In Eq. ͑1c͒, the distribution of the shape function over an element is usually assumed to be unity ͑a rectangular impulse͒. Take the pressure loading case as an example, the influence coefficients are
If a new function, T Nqr (x,y,z)ϵ2͐͐ g Nqr (x,y,z)dxdy, is introduced, the influence coefficients may be rewritten as
where x ϩ ϭx i Ϫx ϩ⌬ 1 /2, x Ϫ ϭx i Ϫx Ϫ⌬ 1 /2, y ϩ ϭy j Ϫy ϩ⌬ 2 /2, y Ϫ ϭy j Ϫy Ϫ⌬ 2 /2. The influence coefficients apparently depend on the z coordinate, the intervals, (⌬ 1 ,⌬ 2 ), and the relative coordinates in the x and y directions. Numerical methods ͑e.g., Gaussian quadrature͒ may be used to evaluate the integrals in Eq. ͑2͒ in case the analytical integration of functions T is difficult. The influence coefficients are essential to the DC-FFT algorithm. Once they are obtained either from integrating a Greens function, as mentioned above, or through converting a frequency response function into the space domain by means of the inverse FFT ͑IFFT͒, which will be discussed later, the DC-FFT algorithm is ready to be applied.
3 The CC-FT and DC-FFT Algorithm 3.1 Aliasing Phenomena in FFT and IFFT. The aliasing phenomena ͓3͔ show the difference between the Fourier transform ͑FT͒ and FFT, or between the inverse FT ͑IFT͒ and IFFT, and should be explained first. For simplicity, a one-dimensional function, f (x), is taken as an example, which has nonzero values only if 0рxϽL ͑Fig. 3͒. The sampled ͑discretized͒ values of f (x) within this range give a series with N members, f j , j ϭ0,1, . . . ,NϪ1, and with a data interval, ⌬ϭL/N. The true relation between the FT, f, and FFT, f j , as illustrated in Fig. 3 , should be expressed as follows ͓3͔: 
Similarly, if a function, f(m), in the frequency domain has nonzero values only when Ϫ/⌬рmϽ/⌬, and is sampled to give a series with N members, f f j , in a wrap-around order and with a data interval of 2/L ͑Fig. 4͒, the function, f (x) and IFFT of f f j may be related by
The overlapping, in Eqs. ͑4a͒ and ͑b͒ are referred to as the aliasing phenomena, which are substantially introduced by sampling in the spatial domain and in the frequency domain, respectively.
The Gibbs Phenomenon of Fourier Series.
A periodic continuous function with a period, L, can be expressed by a Fourier series f (x)ϭ ͚ lϭϪϱ ϱ ḟ l e il 0 x , where 0 ϭ2/L, and ḟ l are the coefficients of the Fourier series, which are simply f(m)/L evaluated at mϭl 0 , indicating that the periodic function has its energy concentrated at discrete points in the frequency domain. In the practice of numerical analysis, only a finite number of terms in a Fourier series can be taken into account. Thus, an error due to truncation is inevitable. If the periodic function has discontinuity, the truncated version of its Fourier series exhibits the Gibbs phenomenon on both sides of the discontinuity in the continuous spatial domain ͑solid line in Fig. 5͒ . If the truncation point of the series is finitely extended and more terms are taken into account, the series should be more accurate, however, the magnitude of the largest ripple does not decrease significantly-it may overshoot the function by about 9 percent of the jump and undershoot the function by about 5 percent of the jump on either side of the discontinuity, as shown in Fig. 5 .
The CC-FT Algorithm.
The theoretical basis of the CC-FT algorithm is the continuous convolution theorem, Eq. ͑1b͒. On one hand, if the pressure P(x), in a one-dimensional problem, for example, is assumed to be a periodic function with a period, L, the response should also be a periodic function with the same period, and the response is ͚ lϭϪϱ ϱ h (l 0 ) Ṗ r e il 0 x , whose coefficients should be the coefficients of the Fourier series of the pressure multiplied by the frequency response function ͓3͔. Under this interpretation, if the input is non-periodic, which is defined only in a finite region and is zero elsewhere, a periodic error occurs once P(x) is extended periodically for the purpose of meeting the conditions mention above. If IFFT is applied to execute the summation in the partial version of the Fourier series, the results in the spatial domain may involve the aliasing phenomenon ͑Fig. 4͒ and the Gibbs phenomenon ͑Fig. 5͒. On the other hand, the aliasing phenomena are usually neglected in the CC-FT algorithm, i.e., only one term with lϭ0 in Eqs. ͑4a͒ and ͑b͒ is considered. The response is rewritten as ͑see Eq. ͑1b͒͒ Therefore, the accuracy of the approximation in Eq. ͑5͒ depends on the severity of the aliasing phenomena. The aliasing phenomenon in Eq. 4͑b͒ corresponding to the IFFT of Eq. ͑5͒ is significant in some systems, such as the Flamant problem, whose true response decays slowly. In order to control the aliasing for accurate computation with the CC-FT algorithm, the intervals both in the spatial and the frequency domains should be carefully reduced. Because the frequency sampling interval is 2/L, the loading should have a larger domain, L, which may be achieved by padding zeros beyond the nonzero data range. However, N should be increased more significantly than L should, because the spatial sampling interval is L/N. Large L and N means large computational domain and fine discretization, a challenge to computation storage and time.
3.4 The DC-FFT Algorithm. The non-periodic nature of contact problems suggests the application of the discrete convolution theorem with FFT, namely DC-FFT ͓12͔. The DC-FFT algorithm does not require large L and is efficient in both computation time and storage without sacrificing the accuracy of calculation. In the DC-FFT algorithm, the discrete linear convolution in Eq. ͑1c͒ is converted into a discrete cyclic convolution by using zero padding and wrap-around order in the following procedures ͓11͔: ͑1͒ find the influence coefficients, ͕D͖ N ͑notation ͕ ͖ N stands for a series with N members͒; ͑2͒ double the series into ͕D គ ͖ 2N in a virtual domain with zero padding and wrap-around order; ͑3͒ apply FFT to ͕D គ ͖ 2N for ͕D គ ͖ 2N ; ͑4͒ Acquire the input, ͕P͖ N ; ͑5͒ expand ͕P͖ N into ͕P គ ͖ 2N in the virtual domain with zero padding only; ͑6͒ apply FFT to ͕P គ ͖ 2N for ͕P គ ͖ 2N ; ͑7͒ obtain a temporary frequency series, ͕V ͖ 2N , through the element-by-element production of the complex numbers of ͕P គ ͖ 2N and ͕D គ ͖ 2N ; ͑8͒ apply IFFT to the temporary frequency series to obtain ͕V͖ 2N ; and ͑9͒ discard the spoiled terms, i.e., the terms with j͓N,2NϪ1͔, from ͕V͖ 2N and set the remaining terms, i.e., terms with j͓0,NϪ1͔ from ͕V͖ 2N , to be the response.
With vector and matrix notations, the matrices of influence coefficients, D N and D S , become D ᠪ N and D ᠪ S after zero padding and using wrap-around order. The matrices of the surface traction, p or s, becomes p ᠪ or s ᠪ after zero padding alone. The underlined matrices have 2N 1 ϫ2N 2 members. According to the discrete convolution theorem, applications of the discrete Fourier transform to both sides of Eq. ͑1c͒, which is now expressed by the new vectors or matrices, yield
In Eq. ͑6͒, the double hat ͑Q͒ is for the two-dimensional discrete Fourier transform ͑or FFT͒ with respect to x and y, and symbol ''"'' indicates element-by-element product. The nodal stresses, , are then recovered from IFFT of គ 9 with respect to x and y by discarding the data associated with the extra part introduced by the zero padding and/or the wrap-around order
3.5 Routes. Obtaining influence coefficients from either a Green's function or a frequency response function specifies two routes of the DC-FFT algorithm: ͑1͒ the route of DC-FFT/ influence coefficient/Green's function ͑route 2 in ͓12͔͒ and ͑2͒ the route of DC-FFT/influence coefficients/conversion ͑route 3 in ͓12͔͒. The critical step for the latter is the conversion process, which uses IFFT to obtain the discrete influence coefficients from a known frequency response function. For problems with discontinuities in the influence coefficients, e.g., elastic fields due to shear traction, it is very important to avoid the Gibbs phenomenon in the conversion by means of the following measures.
Equation ͑2͒ implies that the Fourier transform of a continuous influence coefficient equals the frequency response function multiplied by the Fourier transform of a shape function
A rectangular pulse is usually considered as the shape function Y ͑ x,y ͒ϭ ͭ 
The continuous influence coefficient in Eq. ͑8͒ should be discretized to give an infinite discrete series, D 5 ( j⌬ m ,l⌬ n ), with intervals, ⌬ m and ⌬ n , respectively, in the m and n directions in the frequency domain. The component of a frequency response function at the origin of the frequency domain, which equals the area under the corresponding Green's function in the spatial domain, may be singular, so that the average value over that element should be adopted as the discrete value ͓5͔. The series, D 5 ( j⌬ m ,l⌬ n ), is used to create its FFT equivalence ͑totally N m ϫN n members͒ by mimicking the aliasing shown in Eq. ͑4a͒
In the equation above, AL stands for the level of aliasing control. It is chosen based on the error tolerance and computation time requirement. D គ 9 is formed through applying wrap-around order to D 9 in Eq. ͑10͒. The discrete influence coefficients are obtained by conducting IFFT with the aliasing treatment the spatial domain controlled by ⌬ m and ⌬ n . In fact, this conversion procedure can be utilized to obtain any spatial function from its FT formula with a significantly high accuracy. The bold solid line in Fig. 5 shows a more satisfactory result of expressing a rectangular pulse by means of the process mentioned above with ALϭ8 than the dashed line with ALϭ0 does. If ⌬ m and ⌬ n are so chosen that N m ϭ2N 1 and N n ϭ2N 2 , D គ 9 formed by applying the wrap-around order in terms of D Q is exactly the matrix needed in Eq. ͑6͒. The condition of this shortcut is that the influence coefficients should decay so rapidly that the aliasing phenomenon might be tolerable.
3.6
The Relation Between the CC-FT and DC-FFT Algorithm. The CC-FT algorithm and the route of DC-FFT/influence coefficients/conversion may be equivalent under four conditions: ͑1͒ N m ϭ2N 1 and N n ϭ2N 2 ; ͑2͒ the dimensions of the computation domain in the CC-FT algorithm is twice of those of the original problem; ͑3͒ the influence coefficients in Eq. ͑2͒ are obtained by using the rectangular rule in integration (Dϭg⌬ 1 ⌬ 2 ); and ͑4͒ the level of aliasing control is zero ͑lϭ0 in Eq. ͑4a͒, or ALϭ0 in Eq. ͑10͒͒, and as a result, D 9 ϭD 5 /(⌬ 1 ⌬ 2 )ϭg 5 . However, one should keep in mind that the accuracy of the CC-FT algorithm and the conversion process in the route of DC-FFT/influence coefficients/conversion depend on how the phenomena mentioned in Sections 3.1 and 3.2 are handled. Ϫ5 ͔/(2). Equations ͑11-12͒ are then used to benchmark the conversion process in Section 5.5.
Solutions Through the Route of DC-FFTÕInfluence
CoefficientsÕGreen's Function. In order to benchmark the DC-FFT method for stress analyses, the elastic field caused by a distributed Hertzian traction, either pressure or shear traction, on a circular region is solved. The dimensions of the computational region are 4a H ϫ4a H ϫ2a H , where a H is the Hertzian contact radius. Analytical expressions for the elastic stress field can be found in ͓17,18͔. The halfspace is discretized into 128ϫ128ϫ64 grid points. The stresses, qr , are numerically calculated through the DC-FFT algorithm by using the influence coefficients in terms of Eqs. ͑11-12͒, where FFT brings no additional error. The von Mises stress is defined by 
where 1 , 2 , and 3 are the principal stresses. Figure 6 depicts the contour of the von Mises stress ͱJ 2 / P 0 on the plane of y ϭ0. The relative errors ͑ͱJ 2 * is for the analytical von Mises stress͒ of the numerically calculated von Mises stress on the y ϭ0 plane or the plane located at a depth of zϭ2/63 a H are shown in Fig. 7 . The relative errors are hardly visible except for those around the border of the Hertzian load distribution caused by using Eq. ͑1c͒ to approximate Eq. ͑1a͒, which are less than four percent.
The stress field of a halfspace under the combination of pressure and shear tractions is then solved, where the pressure has a circular Hertzian distribution again. Contours of the von Mises stress, ͱJ 2 / P 0 on the yϭ0 plane are shown in Fig. 8 for two frictional coefficients, f ϭ0.25 and 0.5. The results well agree with the analytical solutions or Fig. 5 in reference ͓4͔.
For the halfspace with a rough surface, the contact pressure distribution on the surface can be solved with the formulation developed in Ref. ͓2͔ or other approaches, which are not discussed in this paper. Figure 9͑a͒ is the pressure distributed on a rough surface, and is obtained from Ref. ͓2͔ , where an elastic-perfectlyplastic behavior of the material was considered, and the limiting pressure was determined by the hardness of the material. The result of the substrate stresses is shown in Fig. 9͑b͒ ( f ϭ0.25) , where the size of the computational region is 1 mmϫ1 mmϫ0.5 mm. In this application, the irregular asperity contact pressures do not require any extra effort to the DC-FFT algorithm.
Stress Field in a Halfspace Coated With a Single Layer

The Layered Halfspace Problem.
A halfspace with a single coating layer is illustrated in Fig. 1͑b͒ and described by two coordinates systems, (x,y,z 1 ) and (x,y,z 2 ). The surface layer ͑body 1͒ has a constant thickness, h, and is perfectly bonded on the halfspace ͑body 2͒. The layer and the substrate may have different elastic properties. Superscript ͑r͒ and subscript r are used to distinguish variables associated with the two bodies, where r equals 1 for the layer, and 2 for the substrate halfspace. The layer and the halfspace are homogeneous, isotropic, and elastic material, and the generalized Hooke's law applies.
Burmister ͓19͔ utilized Hankel-transform-like expressions to express the stress function in each body subject to pressure loading: ϭ␣J 0 (␣r)␣(Ae ␣z ϪBe Ϫ␣z ϩCze ␣z ϪDze Ϫ␣z ) and pϭ Ϫ␣J 0 (␣r), where ␣ϭͱm 2 ϩn 2 is the radius in the frequency domain defined by two independent variables, m and n. The stress functions satisfy the biharmonic compatibility equation, and the coefficients, A to D, in both bodies, can be determined from the boundary and continuity conditions. Chen ͓20͔ solved similar problems but with one more layer. The stresses and displacements in each body were expressed in terms of two harmonic functions, F r and G r , ͑actually Papkovich-Neuber potentials, (r) ϩD r e ␣z r )͔. Boundary and continuity conditions expressed by linear equations were used to determine coefficients, A r , B r , C r , and D r . The elastic field was evaluated through IFT, where the Fourier transform of pressure appeared in the integrand. The inverse Fourier transform was calculated by high-order Gaussian quadrature formulas to improve convergence. O'Sullivan and King ͓4͔ extend the Chen's method to the shear loading in a layered halfspace problem. Nogi and Kato ͓5͔ found the explicit form of frequency response functions for a pure pressure-loading case by using the O'Sullivan-King's approach. For a shear loading in the x j ͑jϭ1 or 2͒ direction, O'Sullivan and King ͓4͔ found that the equations for the six coefficients contained the derivatives of the other three, which corresponded to j in both bodies. Plumet and Dubourg ͓7͔ investigated the halfspace coated by multiple layers by expressing the Fourier transform of the displacement in terms of unknown coefficients associated with z r , e Ϫ␣z r , and e ␣z r , respectively. ͑It should be pointed out that the definitions of the Fourier transform in ͓4͔ and ͓5͔ were different from that in ͓7͔ or the current definition in the nomenclature, although all are acceptable͒. Again, the coefficients should be determined by the boundary and continuity conditions. However, no explicit frequency response functions were obtained.
Frequency Response Functions.
From the physical meaning of superposition, the derivatives of coefficients in O'Sullivan and King's results may become unnecessary. It is encouraging because these derivatives are difficult to calculate in a numerical algorithm. In this section, an explicit frequency response function for stresses due to shear traction, similar to that due to pressure traction, is developed without the derivatives of coefficients mentioned above. In the derivation, the applied loads include both pressure and shear tractions, p and s ͑Fig. 1͑b͒͒. Traction boundary conditions should be specified for the surface of z 1 ϭ0. Continuity conditions should be required for the stresses and displacement along the interface. Due to the absence of body forces, the elastic field can be expressed in terms of three Papkovich-Neuber potentials: , 1 , and 3 ͑ 2 is zero͒, which are harmonic functions, and have the following double Fourier transforms:
where double tilde means double Fourier transform. The elastic field should varnish for large x, y, and z 2 , therefore Ā (2) ϭB (2) ϭC (2) ϭ0. As a result, the Fourier transform of the elastic field in both media becomes
Recall the properties of FT, in the x direction, for example,
Therefore, the Fourier transform of those terms in Eqs. ͑15a͒ and ͑b͒ should result in the derivatives with respect to m ͑marked by the prime͒, for example
However, by introducing the following new unknown coefficients:
the frequency-domain elastic field in media r can be written as
where w ϩ (r) ϭe ␣z r , and w Ϫ (r) ϭe Ϫ␣z r . It can be easily seen that the derivatives, BЈ (r) and B Ј (r) , disappear in the expressions for the elastic field given by Eqs. ͑18 -19͒.
By defining four variables: Ϫ ϵe Ϫ␣h , ϵe ␣h , ϵ 1 / 2 , and ϵ(1Ϫ 2 )/(1Ϫ 1 ), and using Eqs. ͑18 -19͒, the boundary and continuity conditions can be rewritten. Three unknowns, B
(1) ,
, can be isolated as follows:
Solving the three equations above should yield
where
, back into the equations for the surface boundary condition and the interfacial continuity for stresses and displacements, the remaining six coefficients can be solved.
Special Cases. Equations ͑18-19͒, which include exponential terms e
Ϫ␣z r and/or e ␣(z r Ϫ2h) ͑e Ϫ2␣h is from the coefficients͒, are the general frequency response functions for an elastic halfspace with one coated layer. A few special cases may be directly obtained by simplifying these equations.
1 Pressure or Shear Loading-The frequency response functions for stresses and displacements in either pressure and shear loading cases can be readily obtained from the Fourier transforms of stresses and displacements in Eqs. ͑18-19͒, after the coefficients are determined from Eq. ͑21-22͒ by setting p 5 ϭ1, s 5 ϭ0, or p 5 ϭ0, s 5 ϭ1, respectively. The coefficients for a pure pressureloading case here are identical to those listed in ͓4,5͔.
2 Uncoated Halfspace-A homogeneous halfspace is a special situation of the layered half-space with ϭ1 and ϭ1. The results of the frequency response functions are listed in the Appendix.
3 Three-Dimensional and Two-Dimensional Problems-For a plane-strain case ͑in x-z plane͒, the loading ͑pressure or shear traction͒ of f (x) is not a function of the y coordinate. Since the Fourier transform of a unity in the y direction equals 2␦(n), double FT of the loading becomes 2␦(n) f(m). Similar to Eq. ͑1b͒, any linear responses, stresses for example, can be found in the form of double FT,
Applying the inverse Fourier transform to Eq. ͑23͒ with respect to n and noticing the property of the delta function, one can found,
Therefore, the frequency response functions in a plane-strain problem is simply those in a three dimensional problem with n ϭ0. In another words, unlike the complicated integration relation between the Green's functions for two-dimensional and threedimensional problems, frequency response functions for a threedimensional problem can be simplified into those for a twodimensional problem without any extra manipulation.
Multilayered Halfspace Problems.
It may be difficult to derive explicit formulas for a multilayered halfspace problem ͑c layers, for instance͒ because of the complicated group of 6cϩ3 linear equations for the coefficients. However, the procedure in the previous section is also applicable, and the frequency response functions can be determined with any given m and n.
5.5
The Conversion Process. The stress component, xx , under a shear loading on the surface of a halfspace is chosen to benchmark the conversion process. Influence coefficients are calculated in a square domain (L 1 ϭL 2 ϭa H ), which is discretized into 128ϫ128 grid points. The results obtained by means of the conversion process mentioned in section 3.4 and the frequency response function listed in the Appendix are compared with those calculated with the use of Eq. ͑12͒. The comparison shows that the new conversion process substantially reduces the influence of the Gibbs phenomenon.
The von Mises Stress in a Halfspace With a Single
Coating. A halfspace coated with a single layer is discretized into 128ϫ128ϫ64 nodes, and the level of aliasing control is set as ALϭ2. With the same configuration as that for the problems stated in ͓4͔, the normal contact pressure profiles are obtained and shown in Fig. 10͑a͒ for various ratios of the Young's modulus of the layer to that of the substrate. The results in Fig. 10͑a͒ agree well with those in Fig. 2 Fig. 9͑a͒ is assumed and applied onto the layered body with a layer thickness of hϭ0.0185 mm and E 1 ϭ2E 2 in order to observe the layer effect. The friction coeffi-cient is 0.25. The von Mises stress is calculated down to zϭ3h, and shown in Fig. 11 with x͓Ϫ0 .256,0.256͔ mm. The Von Mises stress in the same region of a uncoated halfspace shown in Fig. 9͑b͒ may be viewed for comparison.
Conclusion
The discrete convolution and fast Fourier transform ͑DC-FFT͒ algorithm is refined and applied to stress analyses in order to reduce the computational burden, particularly for problems considering the surface roughness. The influence coefficients of the stress field are calculated either from known analytical expressions of Green's functions for a halfspace problem or from the frequency response functions for a coated halfspace problem. A set of general formulas of the frequency response functions is obtained in an explicit form, which is applicable to both threedimensional or two-dimensional problems for pressure or shear loading cases and for the halfspace with or without a coating layer. All formulas are verified by comparison with various results in the literature.
The route of DC-FFT/Influence coefficient/conversion with the new accurate conversion for influence coefficients from a known frequency response function is an effective approach to solve the elastic contact problems where Green's functions are not available.
The formulas derived in this paper and the DC-FFT algorithm are used to compute the von Mises stress in a uncoated and a coated halfspace subjected to roughness-induced irregular tractions with greatly reduced computational burden. This stressanalysis tool can be incorporated into the analyses for tribological designs or contact-failure prediction.
